Abstract Using a plexiglas plate model, the performance of peristaltic flow acceleration induced by multiple DBD (dielectric barrier discharge) plasma actuators was studied based on PIV (particle image velocimetry). The asynchronous and the duty cycle pulsed actuation modes were proposed and tested. The velocity fields induced by multiple DBD plasma actuators with different phase angles and duty cycle ratios were acquired and the momentum transfer characteristics of the flow field were discussed. Consequently, the mechanism of the peristalsis-acceleration multiple DBD plasma actuation was analyzed. The results show that the peristaltic flow acceleration effect of multiple plasma actuators occurs mainly in paraelectric direction, and the mechanism of peristaltic flow acceleration is ejection pushing effect rather than injection pumping effect. The asynchronous and the duty cycle pulsed actuation modes can, with energy consumption increase of merely 10%, achieve 65% and 42% increase of downstream velocity, and thus are promising in velocity improvement and energy saving.
Introduction
With the advantage of no moving parts, low power consumption and robustness [1] , the glow discharge plasma technique is widely used in active flow control and is beginning to attract keen attention [2−4] . Recent research about the plasma actuation focuses on the single dielectric barrier discharge (SDBD) [5−7] . Relatively few studies have been made on the arrangement of discharge modes of actuators and the excitation parameters. However, the periodic pulsed discharge has greater impact on the flow separation than the steady discharge [8−10] . J. Reece Roth et al. [11, 12] discovered that the combined actuators produce a higher velocity and can induce a stronger velocity field than a single plasma actuator. J. Reece Roth's research [13, 14] also indicated that using a polyphase power supply to excite the OAUGDP TM at progressive voltage phase angles on successive linear electrode strips can accelerate the peristaltic flow speed. Richard Whalley's experimental research found [15] that multi-array DBD plasma actuators can effectively spread the low-speed fluid in the spanwise direction to reduce the skin-friction drag and control the boundary layer flow. Clearly, according to recent research [1, 3, 4, 16, 17] , peristaltic flow acceleration has been demonstrated as a promising approach for speeding up velocity. Furthermore, the information on the performance of periodic-pulsed discharge may provide insight into the mechanism of DBD plasma actuators. So, the performance of peristaltic flow acceleration induced by MDBD plasma actuators is worthy of study.
In this paper, we present data on the physics and phenomenology of peristaltic flow acceleration induced by multiple dielectric barrier discharge (MDBD) plasma actuators. The peristaltic flow acceleration actuators work in two kinds of modes: the asynchronous pulsed actuation mode and the duty cycle pulsed actuation mode. The flow fields induced by peristalsisacceleration plasma actuation will be investigated for different discharge modes and different excitation parameters, respectively.
Experimental facilities and method

Test model and experimental method
The device comprises two identical actuators supported by a plexiglas plate of 300 mm wide, 400 mm * supported by National Natural Science Foundation of China (No. 51107101) and the Foundation for Fundamental Research of the Northwestern Polytechnical University of China (JC201103) long and 5 mm thick and there is a 50 mm space between the two actuators, as shown in Fig. 1 . In our test, we define the left actuator (near upstream) as the front actuator and the right actuator (near downstream) as the back actuator. Each plasma actuator on the plexiglas plate consists of two parallel asymmetric copper electrodes of 0.04 mm in thickness, and the two electrodes are insulated by five Kapton tape layers (0.03 mm thick each layer). The width of the exposed and encapsulated electrode is 5 mm and 10 mm, respectively. The coordinate system is located at the downstream edge of the exposed electrode of the front actuator. The gapless design (the horizontal distance between exposed and encapsulated electrodes is 0 mm) is adopted in our experiment. In order to reduce the effect of external disturbances on the measurement, all tests are conducted in still air which is achieved by a closed cuboid chamber with a length of 600 mm, a width of 500 mm and a height of 500 mm, as shown in Fig. 2 . The tracking seeds are smoke particles (approximately 1 µm in diameter). 
Multichannel peristaltic acceleration plasma generator
Each of the two actuators is separately driven by a multichannel peristaltic acceleration plasma generator [18−20] , as shown in Fig. 3 . The waveform of the AC source is sine wave. The peak-to-peak voltage V p−p and the carrier frequency F can be set at 0-40 kV and 5-100 kHz, respectively. The pulsed duty ratio τ p , phase Φ and pulsed frequency f p can be set at 0-1, 0
• -360
• and 0-500 Hz, respectively. The control parameters selected for the experiment are V p−p =12 kV, F =30 kHz, Φ=0
• , 90
• , 180
• , 270
• and f p =200 Hz. 
PIV system
In our test, 2D PIV technique was used to measure the velocity field induced by DBD plasma actuators at one atmosphere [21] . The PIV (Particle Image Velocimetry) system was manufactured by the Dantec Dynamic Company, as shown in • means that the front and back plasma actuators are energized by the polyphase power supply synchronously. Similarly Φ=90
• means that the phase of the back plasma actuator lags quarter, half, three-quarter periods behind that of the front plasma actuator. The discharge parameters are set at V p−p =12 kV, F = 30 kHz, f p =200 Hz and τ p =0.5. The distributions and maximum magnitudes of the induced velocity are presented in Fig. 7 and Fig. 8 for the asynchronous pulsed actuations. As seen from Fig. 7 asynchronous pulsed actuations make the flow speeds downstream of the front and back actuators increase. The trend and magnitude of induced speed are consistent with the test results of Richard Whalley [15] . The phase angle has a strong influence on the downstream flow field of the back actuator, but its impact on the upstream flow field of the back actuator (namely the downstream flow field of the front actuator) is less visible. Consequently, the maximum velocity of the downstream flow field of the back actuator changes dramatically with the phase angle, and the speed of the upstream flow is essentially unchanged, as can be seen in Fig. 8 . Taking Φ=180
• for example, with respect to the single actuator discharge pattern (τ p =0.5, maximum induced velocity is 0.36 m/s, as shown in Fig. 6 ), the downstream maximum velocity of the front actuator is increased by 40% only, but that of the back actuator is increased by 85% or more. The upstream flow field of the back actuator is in paraelectric direction for the front actuator and is in inverse direction for the back actuator. The upstream flow field of the back actuator is induced by the ejection pushing effect of the front actuator and the injection pumping effect of the back actuator. The injection pumping effect is relatively weak, so the induced velocity in this area is mainly derived from the front actuator's ejection pushing effect. However, the downstream flow field of the back actuator is in paraelectric direction for both front and back actuators, and the two actuators will promote the entire airflow. As a result, the velocity of the downstream flow field of the back actuator is increased significantly. Therefore, we can draw a conclusion that the peristaltic flow acceleration effect of multiple plasma actuators occurs mainly in paraelectric direction. The performance of asynchronous pulsed actuation changes with the variation of the phase angle. When Φ=0
• , the airflow acceleration effect is merely a superimposition of two flow fields induced by the front and back actuators, so its velocity is relatively small. When Φ=90
• -180
• , there is a significant increase in both velocity value and induced range. The maximum velocity rises to 0.71 m/s, 20% higher than that for Φ=0
• (0.59 m/s), as shown in Fig. 7(b) , (c) and Fig. 8 . As the phase angle continues to increase, the induced velocity declines. When Φ=270
• , the maximum velocity is 0.62 m/s, slightly larger than that for Φ=0
• , as shown in Fig. 7(d) and Fig. 8 . When Φ=360
• , the status is the same as that for Φ=0
• . Moreover, a further conclusion can also be drawn that the induced velocity roughly depends on the phase angle between adjacent actuators. The neutral gas velocity is equal to the ion drift velocity in the electric field, and this drift velocity, in turn, is limited by the operating conditions that allow the plasma to be generated. For the most efficient transfer of momentum from traveling electrostatic wave to neutral gas, in order to obtain the best coupling and highest velocities, the traveling electrostatic wave velocity should equal the ion drift velocity. The phase velocity, which is a function of pulsed frequency, duty ratio and phase angle, needs to be "tuned" to the ion drift velocity, which is a function of electrode geometry electric field, peakto-peak voltage and carrier frequency.
Duty cycle pulsed actuation mode
The polyphase power supply has also been employed to excite the MDBD plasma in a duty cycle pulsed actuation mode. In this mode, the front and the back plasma actuators are driven alternately at various duty cycle ratios in every working period. There is no discharge gap in the entire working period but only one actuator is excited at any time, which indicates that no matter what working period has been assigned to two actuators the total power consumed is constant. For example, τ pf =0.1, τ pb =0.9 means that the front actuator works 10% of the period and the remaining 90% of the period is assigned to the back plasma actuator. The duty cycle ratios are set at τ pf =0.1, τ pb =0.9, τ pf =0.3, τ pb =0.7, τ pf =0.5, τ pb =0.5, τ pf =0.7, τ pb =0.3, τ pf =0.9, τ pb =0.1. There is no phase angle difference between the front and the back plasma actuators and the other discharging parameters are the same as those in asynchronous pulsed actuation mode, V p−p =12 kV, F = 30 kHz, f p =200 Hz. Fig. 9 shows the signals of duty cycle pulsed actuation.
The distributions and maximum magnitudes of the induced velocity are presented in Fig. 10 and Fig. 11 for duty cycle pulsed actuations. As seen from Fig. 10(a) -(e), with the increase of duty cycle ratio of the front actuator, the velocity of the upstream flow field of the back actuator rises and that of the downstream flow field falls. Like the asynchronous pulsed actuation, the duty cycle pulsed actuation makes the velocity of downstream flow field of two actuators increase. The coupling effects of interaction between two actuators have a strong influence on the downstream flow field of the back actuator, but the upstream of it is less affected. As shown in Fig. 10(a) , when τ pf =0.1, τ pb =0.9, the back actuator takes up most of the discharge time and the flow acceleration effect on the downstream of the back actuator is more significant than that on its upstream. With respect to the single actuator discharge pattern (τ p =0.5, maximum induced velocity is 0.36 m/s, as shown in Fig. 6 ), the airflow acceleration of the downstream of the front actuator is primarily derived from the suction of the back actuator, and the maximum velocity is increased by 32% only. On the contrary, when τ pf =0.9, τ pb =0.1, the airflow acceleration of the downstream of the back actuator is induced mainly by the front actuator's ejection pushing effect. In this case, compared with the single actuator discharge pattern, the maximum velocity is increased by more than 59%, and the above conclusion that the airflow acceleration effect of multiple plasma actuators occurs mainly in paraelectric direction is confirmed once again. This proved that the mechanism of peristaltic flow acceleration is ejection pushing effect rather than injection pumping effect. Fig. 11 presents the velocity of the upstream and downstream flow of the back actuator at various duty cycle ratios. It is seen that the velocity of the upstream flow of the back actuator V u is ascending, while that of the downstream flow of the back actuator V d is descending as τ pf changes from 0.1 to 0.9. The case of τ pf = 0.7 is relatively abnormal, in which V u rises and V d drops acutely. This might be caused by the coupling effect between electric field and flow field. Due to the effect of flow hysteresis, the change of flow cannot catch up with the alteration of the electrical characteristics in some status. So keeping traveling wave of ions and neutral gas drift velocity coincident or at a certain gap may produce a perfect result. As a whole, the duty cycle pulse actuation excitation is more effective than the steady excitation in certain cases, which will be discussed in detail in the following section, and this feature can be used to improve induced velocity and save input energy.
Discussion
The flow acceleration performance of single and multiple plasma actuators is shown in Table 1 . In this table, V u , V d represent the maximum induced velocity of upstream and downstream of the back actuator, and ∆V u , ∆V d , ∆P represents the increment of velocity and power relative to the single actuator steady discharge mode. The electric consumption power is calculated by V DC × I. Here, I is the input current of high voltage power supply, which can be measured by an ammeter connected in the high voltage circuit. Firstly, it can be seen intuitively from the table that the maximum induced velocity of multiple plasma actuators is higher than that of a single actuator. Especially for asynchronous pulsed actuation mode, which achieves the best result at Φ=180
• in the given modes, the relative increment of V d is increased by 65%. We can also find that, because V u is the comprehensive effect of the front actuator's ejection pushing and the back actuator's injection pumping, the relative increment ∆V u is very significant (more than 100%). Moreover, from the viewpoint of input energy, velocity induced by simple combination of multiple plasma actuators running in synchronous discharge mode is proportional to the energy consumption. In this way, the performance of multiple plasma actuators has been improved, but not significantly. Asynchronous and duty cycle pulsed peristaltic accelerations can, with merely 10% energy consumption increase, achieve 65% and 42% increase of downstream velocity, and thus are two competitive multiple plasma actuation modes, compared with the single actuator steady discharge mode. This shows that these two actuation modes are promising in velocity improvement and energy saving. 
Conclusion
In this paper we have reported a study on peristaltic flow acceleration performances of multiple DBD plasma actuators based on PIV, and both the asynchronous and the duty cycle pulsed peristaltic acceleration are proposed. The flow fields induced by multiple DBD plasmas have been investigated for different discharge patterns and excitation parameters, and the main conclusions can be drawn as follows:
a. The peristaltic flow acceleration effect of multiple plasma actuators mainly occurs in paraelectric direction and the induced velocity roughly depends on the phase angle between adjacent actuators.
b. The mechanism of peristaltic flow acceleration is ejection pushing effect rather than injection pumping effect, and the duty cycle pulsed actuation excitation is more effective than the steady excitation (τ =1, a successive discharge mode).
c. Both asynchronous and duty cycle pulsed peristaltic accelerations are competitive multiple plasma actuation modes with promising application prospects in velocity improvement and energy saving.
Nomenclature V = voltage of a.c. source I= current V p−p = peak-to-peak voltage of a.c. source F = carrier frequency of a.c. source f p = pulsed frequency τ p = pulsed duty ratio for single dielectric-barrier-discharge (SDBD) plasma actuator τ pf = pulsed duty ratio of the front actuator for multiple dielectric-barrier-discharge (MDBD) τ pb = pulsed duty ratio of the back actuator for multiple dielectric-barrier-discharge (MDBD) Φ= phase angle P = input power V u = the maximum velocity of the upstream of the back actuator V d = the maximum velocity of the downstream of the back actuator ∆V u = increment of V u relative to steady discharge ∆V d = increment of V d relative to steady discharge ∆P = increment of P relative to steady discharge (Manuscript received 18 June 2013) (Manuscript accepted 9 December 2013) E-mail address of LI Feng: lf3158@nwpu.edu.cn
